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physical body axis of the developing embryo. Here we demonstrate that the bifunctional channel-kinase
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gastrulation. Functional studies reveal that TRPM7's ion channel, but not its kinase domain, speciﬁcally affects
cell polarity and convergent extension movements during gastrulation, independent of mesodermal
speciﬁcation. During gastrulation, the non-canonical Wnt pathway via Dishevelled (Dvl) orchestrates the
activities of the GTPases Rho and Rac to control convergent extension movements. We ﬁnd that TRPM7
functions synergistically with non-canonical Wnt signaling to regulate Rac activity. The phenotype caused by
depletion of the Ca2+- and Mg2+-permeant TRPM7 is suppressed by expression of a dominant negative form
of Rac, as well as by Mg2+ supplementation or by expression of the Mg2+ transporter SLC41A2. Together,
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Vertebrate gastrulation is comprised of a series of dynamic cell shape
changes that results in part via modulation of the actin cytoskeleton
(Keller, 2002). A key breakthrough in our understanding of the
molecularmechanisms regulating gastrulationwas the seminalﬁndings
that components of the non-canonical Wnt signaling pathway regulate
this process (Wallingford et al., 2002; Yin et al., 2009). Understanding
the molecular, cellular, and biochemical mechanisms that regulate
gastrulation continues to remain a central focus of developmental
studies. To date, a number of signaling pathways including Wnt, FGF,
and BMP have been implicated in this process (Roszko et al., 2009).
Non-canonical Wnt signaling is currently loosely applied to a
number of intracellular branches that function to regulate cell
polarization andmotility throughmodiﬁcation of the actin cytoskeleton.
This pathway appears to be independent of transcription and the well-
elucidated canonical or β-catenin-dependent pathway (Semenovet al., 2007). The Wnt signal is mediated through the Frizzled (Fz)
receptor and the LRP5/6 co-receptor, leading to activation of the
cytoplasmic phosphoproteinDishevelled (Dvl) (Wallingford andHabas,
2005). Of a number of branches downstreamof Dvl, the activation of the
small GTPases Rho and Rac plays central roles during gastrulation
(Komiya and Habas, 2008). Activation of Rho occurs through the
molecule Daam1, which complexes with Dvl in response to Wnt
stimulation (Habas et al., 2001). This Rho pathway is coupled to the
activation of the Rho associated kinase Rock that subsequently
functions to regulate cytoskeletal changes through phosphorylation
of myosin's light chains (Marlow et al., 2002; Veeman et al., 2003;
Wallingford et al., 2002). Activation of Rac occurs downstream of Dvl,
which in turn stimulates JNK activity to also cause cytoskeletal changes
(Habas et al., 2003; Li et al., 1999; Yamanaka et al., 2002). The
mechanismof action of a host of identiﬁed factors including Strabismus,
Prickle, and Diversin, among others, and their integration to subse-
quently govern cell polarization for directional cell migration remains
unresolved (Semenov et al., 2007).
Interestingly, a number of studies have pointed to a non-canonical
Wnt/Ca2+ pathway in which Wnt stimulation leads to an increase in
intracellular Ca2+ levels (Kohn and Moon, 2005). This Ca2+ pathway
has been shown to function during vertebrate gastrulation, and Ca2+
is a potent divalent second messenger that can further negatively
inﬂuence canonical Wnt signaling (Slusarski and Pelegri, 2007).
Indeed, while many studies have uncovered changes in Ca2+ levels in
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cellular ﬂuxes are due to the release of Ca2+ from intracellular stores
(Slusarski and Pelegri, 2007). The identity of calcium channels that
may be expressed on the plasma membrane and functionally trafﬁc
extracellular Ca2+ into cells during early stages of development
remains unknown. Moreover, whether other ion channels or divalent
cations such as Mg2+ play any functional roles during gastrulation
remains an understudied area of investigation.
The Transient Receptor Potential (TRP) superfamily is composed
of cation-permeant ion channels that have varied, but poorly under-
stood functions, ranging from thermosensation, chemosensation, and
visual transduction (Clapham, 2003). Unique among ion channels,
the ubiquitously expressed TRPM7 was discovered as the ﬁrst ion
channel to possess its own kinase domain (Nadler et al., 2001;
Runnels et al., 2001). While most divalent cations block ion ﬂuxes
through Ca2+-permeable ion channels, TRPM7 exhibits high perm-
eation of Ca2+ as well as other essential divalent cations, including
Mg2+ and Zn2+ (Monteilh-Zoller et al., 2003). Consequently, an array
of functions has been assigned to TRPM7, presumably owing to the
diversity of cations permeated by the channel. Loss of TRPM7 has
been reported to cause skeletal, pigmentation, and kidney defects
in zebraﬁsh (Elizondo et al., 2005). More recently, it was found
that deletion of TRPM7 in mice disrupted embryonic development,
resulting in lethality between E 6.5 and 7.5, although the reason for
this lethality remains unknown (Dorovkov et al., 2005; Jin et al.,
2008).
In this study, we report the cloning and functional analysis
of TRPM7 in the Xenopus embryo. We show that XTRPM7 plays a
previously undeﬁned role in convergent extensionmovements during
gastrulation. Importantly, our studies point to a key role of the
channel, but not the kinase domain of this protein, and for the Mg2+
cation in regulating polarized cell movements during gastrulation,
independent of mesodermal speciﬁcation. Additionally, we show
that XTRPM7 regulates gastrulation via its ability to modulate the
activation levels of the small GTPase Rac and not Rho. These studies
underscore a key role for this ion channel in regulating gastrulation,
and furthermore uncover a central role for Mg2+ in this crucial em-
bryonic process.
Materials and methods
Embryo manipulations
Embryo manipulations and convergent extension assays in ex-
plants were performed as described (Khadka et al., 2009; Sato et al.,
2006). Embryo injections were performed using in vitro transcribed
RNAs, cDNAs, or Morpholino oligonucleotides (MO). Microinjection
and microdissection of Xenopus embryos were performed as de-
scribed (Khadka et al., 2009; Liu et al., 2008). Brieﬂy, RNAs (500 pg)
encoding GFP-CAAX and membrane-tethered Cherry were micro-
injected separately into dorsal blastomeres of four-cell stage embryos,
alone or with RNAs encoding TRPM7 (2 ng) or XTRPM7 MOs (75 ng).
“Shaved” Keller explants and analysis of cell shape and alignment
were performed as described (Khadka et al., 2009; Liu et al., 2008).
Detection of activated Rho and Rac was accomplished using a
modiﬁed GST-pulldown puriﬁcation assay (Habas and He, 2006).
The relative level of activated GTPase was calculated by comparing
the total amount of activated protein in each band to the total amount
of the protein in the lysate, and then normalizing this number to the
amount of activated protein captured in the GST-pulldown assay from
uninjected embryos.
Plasmids and oligonucleotides
To obtain the complete Xenopus TRPM7 (XTRPM7) sequence
(accession number: GQ304750), we employed a PCR based approachto amplify and clone this cDNA from a stage 10.5 Xenopus library.
Details are available upon request. pBS–SV40–TRPM7 containing full
lengthMus musculus TRPM7was generated by subcloning a KpnI/NotI
fragment containing the TRPM7 ORF from pTracerCMV2–TRP-PLIK
(Runnels et al., 2001) into pBS–SV40. pBS–SV40 contains the SV40
polyadenylation sequence from pCS2+, which was introduced by PCR
subcloning an ampliﬁed 220 bp PCR fragment into the NotI/SacII sites
of pBS using the following primers: 5′-GCG GCC GCG TAG ATC CAG
ACA TGA TAA GAT ACA TTG ATG AGT TTG G-3′ and 5′-CCG CGG AAT
TAA AAA ACC TCC CAC ACC TCC CC-3′. To create the “kinase-inactive”
mutant of TRPM7 containing G1618D, we employed QuikChange
(Stratagene) using the primers previously described (Su et al., 2006).
The pOG1 vector encoding human TRPM6α was kindly provided by
Dr. Vladimir Chubanov (Philipps Universität Marburg) (Chubanov
et al., 2007). The Mg2+ transporter SLC41A2 was subcloned into
pCS2+ from the FLAG-SLC41A2/pcDNA4/TO vector, generously
donated by Dr. Andrew Scharenberg (University of Washington)
(Sahni et al., 2007). pCS2+ containing C-Daam1, ΔDIX-Dvl, ΔDEP-
Dvl, and Xdd1 have been previously described (Habas et al., 2001)
as has pCS2+ containing Rho and Rac derived constructs (Habas
et al., 2003).
Results
XTRPM7 is temporally and spatially expressed in embryonic tissues
undergoing morphogenesis
To investigate the role of TRPM7 during early embryogenesis, we
ﬁrst cloned Xenopus laevis TRPM7 (XTRPM7), a protein that shares a
sequence identity greater than 77% with the human protein. XTRPM7
possesses a domain architecture similar to that of its vertebrate
orthologues, exhibiting high sequence identity within its NH2-
terminal TRPM homology region, its pore domain, and its COOH-
terminal kinase domain (Supplementary Figs. 1A–C). We then
examined the temporal and spatial expression patterns of XTRPM7
mRNA during Xenopus development. Two primer sets were designed
to amplify fragments from the 5′ UTR and the 3′ UTR regions of the
XTRPM7 mRNA, and RT-PCR analysis revealed expression of XTRPM7
maternally to the tadpole stage (Supplementary Fig. 2A). In situ
hybridization demonstrated a relatively low level of XTRPM7 mater-
nally through the gastrula stages of the developing embryo (Fig. 1A).
During the gastrula stage, XTRPM7 RNA was most highly expressed
in the dorsal ectodermal and mesodermal regions. By the neurula
stage, XTRPM7 expression was higher in the neural plate, anterior
neural fold, and neural hinge point regions. Later in development,
XTRPM7 expression became restricted to the developing brain,
kidney, heart, and notochord (Fig. 1A). This expression pattern is
suggestive of a broad role for XTRPM7 during development.
Dorsal expression of TRPM7 disrupts Xenopus gastrulation
To determine the function of TRPM7 in vivo, we ﬁrst expressed
TRPM7 to elucidate its effect during Xenopus development. Injection
ofmurine TRPM7 RNA into the ventral marginal zones of the four-cell
embryo had no effect on Xenopus development. However, injection of
TRPM7 RNA into the dorsal marginal zones of the four-cell embryo
resulted in severe gastrulation defects in a dose-dependent manner,
while injection of a similar dose of β-galactosidase (β-gal) RNA had
no signiﬁcant effect (Figs. 1B–C). In the TRPM7-injected embryos,
the resulting gastrulation defect phenotypes were classiﬁed into
two classes: severe and mild. In the severe class, anterior structures,
including the head, eyes and cement glands, were reduced or absent;
in addition, axial extension was impaired resulting in a severe dorsal-
ﬂexure in the embryos, and the blastopore and neural folds failed to
close. In the mild class, there was a reduction in the size of the head,
Fig. 1. XTRPM7 is required for gastrulation. (A) Expression pattern of XTRPM7 at selected developmental stages as analyzed by whole-mount in situ hybridization using a TRPM7
anti-sense probe. A sense probe was used as a negative control. XTRPM7 is expressed at higher levels in the dorsal mesoderm and neural plate (stars and arrowheads, respectively),
which is associated with dynamic morphogenesis movements. Arrows indicate the region where the embryo was vertically sectioned and examined. AP: Animal pole; VP: Vegetal
pole; DV: dorsal view; TS: transverse section; LV: lateral view; ST: stage (B) Injection of TRPM7 RNA (2 ng) dorsally, but not ventrally, inhibited gastrulation resulting in embryos
with curved axes, open neural folds, and reduced anterior structures. Dorsal injection of the kinase-dead TRPM7–G1618D (TRPM7–KD, 2 ng), but not the channel-dead TRPM7–
E1047K (TRPM7-CD, 2 ng), produced a similar phenotype. In addition, dorsal injection of TRPM6 (2 ng) and the Mg2+ transporter SLC41A2 (2 ng) RNAs also produced gastrulation
defects. Dorsal injection of XTRPM7 MOs (37.5 ng each) inhibited gastrulation, and this phenotype was rescued by co-injection of XTRPM7 MOs with TRPM7 RNA (400 pg), TRPM7-
KD RNA (400 pg), and TRPM6 RNA (400 pg) as well as by SLC41A2 (Mg2+ transporter) RNA (400 pg). However, co-injection of TRPM7-CD RNAwith the XTRPM7MOs did not rescue
the XTRPM7 MO-induced gastrulation phenotypes. Injections were performed into the dorsal or ventral marginal zone of the four-cell embryo, and the phenotypes were scored at
the tadpole stage. (C) Quantiﬁcation of the phenotypic results from overexpression of TRPM7 or depletion of XTRPM7; the number of embryos examined is shown above each bar.
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ever, there was only a delay in blastopore and neural fold closure.
XTRPM7 is required for Xenopus gastrulation
To further delineate the role of XTRPM7 in early development, we
designed two anti-sense Morpholino oligonucleotides (XTRPM7 MO1
and MO2) to deplete the endogenous XTRPM7 protein (Supplemen-tary Fig. 2B). Both Morpholinos effectively inhibited translation of a
Myc-tagged XTRPM7 construct when injected into Xenopus embryos
(Supplementary Fig. 2C). Injection of the XTRPM7 MO1, XTRPM7
MO2 or a control MO at the highest dose of 75 ng into the ventral
marginal zones of the four-cell embryo had little effect on Xenopus
development (data not shown). Injection of the control MO into the
dorsal cells also had little effect on development (Figs. 1B, C) or on
Myc-XTRPM7 cDNA expression (Supplementary Fig. 2C). However,
Fig. 2.Mg2+ is required for gastrulation. (A) Dorsal injection of XTRPM7MOs (75 ng) in
embryos cultured in 0.1× MMR (0.1 mM Mg2+) inhibited gastrulation. Supplementa-
tion of Mg2+, but not Ca2+, into the culture media at 5 mM at stage 10.5 rescued the
gastrulation phenotype. (B) Quantiﬁcation of the effects of Mg2+ and Ca2+
supplementation on embryos injected with XTRPM7 MOs; the number of embryos is
shown above each bar. (C) Embryos injected dorsally with XTRPM7MOs or TRPM7 RNA
had no defects in expression of mesodermal marker genes Chordin, Goosecoid, Xbra and
XWnt8 as monitored by RT-PCR analysis; EF1-α was used as a loading control.
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marginal zones of the four-cell embryo dose-dependently produced
severe gastrulation defects (Figs. 1B, C). The phenotype induced by
injection of the XTRPM7 MO1 and MO2 combined (hereafter referred
to as XTRPM7 MOs) was rescued by co-injection of murine TRPM7
RNA (Figs. 1B, C). Injection of this dose of TRPM7 RNA by itself
produced no severe gastrulation defects (Supplementary Fig. 3).
TRPM7's kinase domain is not required for gastrulation
To determine whether TRPM7's channel or kinase was required for
gastrulation, we injected a kinase-inactive mutant TRPM7–G1618D
(Su et al., 2006) (TRPM7-KD) RNA into the dorsal blastomeres of the
four-cell embryo and observed gastrulation defects similar to those
obtained with the full-length TRPM7. Interestingly, co-injection of
TRPM7–G1618D RNA with the XTRPM7 MOs rescued the XTRPM7
MO-induced defects, indicating that TRPM7's kinase activity is not
required for the protein's role during gastrulation (Figs. 1B, C). To
conﬁrm that TRPM7's channel domain was required for the ability of
TRPM7 to induce gastrulation defects, we injected a channel-inactive
mutant TRPM7–E1047K (Li et al., 2007) (TRPM7-CD) RNA into the
dorsal blastomeres of the four-cell embryo and observed lesser
defects in gastrulation as compared to injection of the TRPM7 RNA or
the kinase-inactive mutant TRPM7–G1618D (Figs. 1B, C). Likewise,
co-injection of TRPM7–E1047K RNA with the XTRPM7 MOs failed to
rescue the XTRPM7 MO-induced defects, indicating that TRPM7's
channel activitywas required for its effect on gastrulation (Figs. 1B, C).
To determine whether TRPM7's channel was unique in its ability to
regulate gastrulation via the cations it conducts, we tested whether
TRPM6 (Schlingmann et al., 2002), a channel closely related to TRPM7
and also selective for Ca2+ and Mg2+, could suppress the XTRPM7
MO-induced phenotype. Co-injection of human TRPM6 RNA was
observed to signiﬁcantly rescue the XTRPM7 MO-induced pheno-
types, and expression of TRPM6 at higher doses did induce a
gastrulation defects, though at a lower penetrance than TRPM7 RNA
(Figs. 1B, C).
Mg2+ suppresses the XTRPM7 morpholino-induced phenotype
TRPM6 RNA's ability to suppress the XTRPM7 MO-induced phe-
notype suggested that TRPM7's ability to permeate Mg2+ and Ca2+
was central for the regulation of gastrulation. Elimination of TRPM7
expression from DT40 cells has been shown to arrest cell growth and
proliferation, which can be overcome by growth of the cells in 10 mM
extracellular Mg2+ or by expression of the Mg2+ transporter SLC41A2
(Sahni et al., 2007; Schmitz et al., 2003). The Mg2+ transporter
SLC41A2 has been shown to speciﬁcally allow the passage of Mg2+
but not Ca2+ ions (Goytain and Quamme, 2005; Sahni et al., 2007).
We therefore employed a similar approach and found that raising
the concentration of Mg2+, but not Ca2+, in the buffer in which the
embryoswere cultured restored development of the embryos injected
with the XTRPM7 MOs in a dose-dependent manner (Figs. 2A, B).
Similarly, co-injection of SLC41A2 RNA with the XTRPM7 MOs also
rescued the XTRPM7 morpholino-induced phenotypes (Figs. 1B, C).
Additionally, injection of SLC41A2 RNA at higher doses than those
used to rescue the XTRPM7 MO-induced phenotypes also inhibited
gastrulation (Figs 1B, C and Supplementary Fig. 3). These results
suggest that XTRPM7's permeation of Mg2+ is required for gastrula-
tion and that this critical developmental process is exquisitely
sensitive to Mg2+ inﬂux.
XTRPM7 is required for convergent extension movements
During embryogenesis, a failure of mesodermal speciﬁcation can
produce gastrulation defects, and therefore we examined whether
XTRPM7 was required for mesodermal speciﬁcation. We assayedthe dorsal mesodermal markers Chordin and Goosecoid, the pan-
mesodermal marker Brachyury (Xbra), and the ventral mesodermal
markerWnt8 (Xwnt8) by RT-PCR. Injection of XTRPM7MO1 andMO2,
either singly or combined, had no effect on the expression levels of
these molecular markers (Fig. 2C). Together, these studies indicate
that XTRPM7 regulates gastrulation independently of mesodermal
cell fate speciﬁcation.
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a series of highly orchestrated polarized cell movements allows
the establishment of the physical body axis of the embryo. To fur-
ther delineate how TRPM7 regulates gastrulation, we examined its
effects on convergent extension movements using Keller explant
assays. In control, uninjected embryos, we observed normal elon-
gation of the explanted dorsal tissues, while embryos injected with
TRPM7 RNA produced dramatically suppressed elongation of the
explants, similar to injection of dominant negative DishevelledFig. 3. XTRPM7 is required for convergent extension movements. (A) Dorsal marginal zone
XTRPM7MOs inhibit convergent extension movements. Dominant negative Dishevelled (Xd
depletion of XTRPM7 was rescued by co-injection of XTRPM7 MOs with TRPM7 RNA (400 pg
with 5 mMMg2+ but not 5 mM Ca2+. (B) Quantiﬁcation of Keller explant assay; bars indi
analyzed is shown above each bar.(Xdd1) RNA (Figs. 3A, B). Injection of XTRPM7 MOs also strongly
suppressed elongation of the explants, which could be rescued by
co-injection of TRPM7 RNA (Figs. 3A, B). Similar to the results
obtained using whole embryos, injection of the Mg2+ transporter
SLC41A2 RNA as well as Mg2+ supplementation of the explant
culture buffer restored the elongation of the explants while sup-
plementation of the buffer with additional Ca2+ did not restore
extension of the explants derived from the XTRPM7 MO-injected
embryos (Figs. 3A, B).(Keller) explant assay revealed that overexpression of TRPM7 (2 ng) and injection of
d1, 2 ng) was used as a positive control. Inhibition of convergent extension produced by
) and the Mg2+ transporter SLC41A2 (400 pg), as well as supplementation of the buffer
cate the average length to width ratio of Keller explants and the number of explants
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sion movements during gastrulation, we examined the polarization
and cell shape changes of dorsal mesodermal cells. During convergent
extension, these cells adopt an elongated and polarized shape with a
long axis oriented towards the midline (Shih and Keller, 1992). For
these studies, we examined the parameters of length-to-width ratio
and of medial axial alignment of explanted dorsal mesodermal cells;Fig. 4. XTRPM7 is required for dorsal mesodermal cell polarization, elongation and alignment
inhibits dorsal mesodermal cell polarization and elongation. Control cells were labelled wi
injectedwith either TRPM7 RNA (2 ng), dominant negative Dishevelled (Xdd1) RNA (2 ng), X
of calculations of average length towidth ratio and average angular deviation. Length to widt
the cell (blue line). Angular orientation of the cell was measured by taking the absolute va
calculations of average angular deviation. (C) Injection of Xdd1 RNA and TRPM7 RNA or inje
the length/width ratio of cells. The error bars represent the standard deviation (s.d.) from at
top of each bar. (D) Injection of Xdd1 RNA and TRPM7 RNA or injection of the XTRPM7 MOs
error bars represent the s.d. from at least three independent experiments and the numberboth of which are dramatically affected by components regulating
convergent extension (Liu et al., 2008; Wallingford et al., 2000).
We observed that injection of TRPM7 RNA dramatically altered the
length-to-width and medial axial alignment to levels similar to
dominant negative Dishevelled (Xdd1) RNA (Figs. 4A–D). Injection
of XTRPM7 MOs also signiﬁcantly affected the length-to-width ratio
and medial axial alignment of the explanted cells, and these effects. (A) Confocal imaging analysis revealed that injection of TRPM7 RNA and XTRPM7MOs
th EGFP-CAAX (green, 500 pg) and membrane-tethered Cherry (red, 500 pg) was co-
TRPM7MOs (75 ng), or XTRPM7MOs (75 ng) and TRPM7 RNA (400 pg). (B) Illustration
h ratio wasmeasured by taking the length of the cell (red arrow) divided by the width of
lue of the angle of the red arrow in reference to the lateral axis (L) and was used for
ction of the XTRPM7 MOs disrupted dorsal mesodermal cell elongation as quantiﬁed by
least three independent experiments and the number of cells examined is shown at the
disrupted alignment of dorsal mesodermal cells undergoing convergent extension. The
of cells examined is shown at the top of each bar.
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Fig. 6. TRPM7 regulates Rac but not Rho activation levels. (A) Western blot analysis and quantiﬁcation of levels of activated Rac at stage 10.5 during gastrulation. Injection of 75 ng of
XTRPM7MOs increased levels of activated Rac, which could be prevented by co-injection of 500 pg of TRPM7 RNA. (B) Quantiﬁcation of the results in (A), the error bars represent the
s.d. from at least ﬁve independent experiments. (C) Western blot analysis and quantiﬁcation of levels of activated Rho at stage 10.5 during gastrulation. Levels of activated Rho were
unaffected by injection of XTRPM7 MOs or TRPM7 RNA. (D) Quantiﬁcation of the results in (C); error bars represent the s.d. from at least four independent experiments.
355W. Liu et al. / Developmental Biology 350 (2011) 348–357were rescued by co-injection of the XTRPM7 MOs with TRPM7 RNA
(Figs. 4A–D). These data reveal that XTRPM7 regulates polarization
during convergent extension movements.
XTRPM7 synergizes with Dishevelled to regulate gastrulation through
the Rac GTPase
As the non-canonical Wnt pathway regulates convergent exten-
sion movements through the cytoplasmic phosphoprotein Dishev-
elled (Dvl), we tested whether TRPM7's effect on convergent
extension movements could be modulated by non-canonical Wnt
signaling. We injected ΔDIX-Dvl, an activated form of Dvl that can
activate Rho and Rac (Habas et al., 2003; Wallingford and Habas,
2005) together with the XTRPM7 MOs and observed that ΔDIX-Dvl
strongly suppressed the XTRPM7 MO-induced phenotype (Figs. 5A,
B). However, injection of ΔDEP-Dvl, which cannot activate the Rac
arm of the planar cell polarity (PCP pathway), did not have any effect
(Habas et al., 2003). To further examine a possible connection
between TRPM7 and non-canonical Wnt signaling, embryos were
injected with sub-threshold levels of dominant negative Dishevelled
(Xdd1) RNA (250 pg) or XTRPM7 MOs (25 ng), which individually
produced little or no phenotypes in the injected embryos (Figs. 5C, D).
However, when Xdd1 RNA and XTRPM7 MOs were co-injected, the
number of affected embryos increased substantially (Figs. 5C, D),
which would be expected if the two factors functioned in the same
pathway. These results prompted us to investigate whether XTRPM7Fig. 5. TRPM7 is required for regulation of Rac and non-canonical Wnt signaling. (A) Disrupt
co-injection of dominant active Dishevelled (ΔDIX-Dvl) RNA (400 pg), but not by injection
activation of the Rac component of the PCP pathway. (B) Quantiﬁcation of the phenotypes o
RNAs. The number of embryos scored is indicated above each bar. (C) Co-injection of domina
inhibit gastrulation but have little or no effect when injected separately. GFP RNA was in
injections of XTRPM7 MOs with Xdd1. The number of embryos scored is indicated above eac
but not with C-Daam1 cDNA (250 pg), RNAs for dominant negative RhoN19 (500 pg) or w
disruption of gastrulation caused by the XTRPM7 MOs. (F) Quantiﬁcation of the phenotypes
and RhoV14 RNAs and C-Daam1 cDNA. The number of embryos scored is indicated above eac
(25 ng) or with Daam1 MO (25 ng) did not produce synergistic gastrulation defects. (H) Qu
with control MO or Daam1 MO. The number of embryos scored is indicated above each barmay be involved in the regulation of the activity levels of Rho and Rac
during gastrulation.We therefore examined the role of Rac and Rho in
mediating XTRPM7 MO-induced effects on gastrulation using dom-
inant interfering mutants of Rac and Rho (RacN17 and RhoN19) and
constitutively active mutants of these proteins (RacV12 and RhoV14).
Co-injection of either dominant interfering or constitutively active
Rho with the XTRPM7 MOs did not rescue the XTRPM7 MO-induced
phenotype (Figs. 5E, F). Likewise, co-injection of C-Daam1, a con-
stitutively active form of Daam1, which functions in Rho activation
during non-canonical Wnt signaling, did not rescue the XTRPM7 MO-
induced phenotype. However, co-injection of dominant interfering
RacN17, but not constitutively activated RacV12, with the XTRPM7
MOs did suppress the gastrulation defects produced by the XTRPM7
MOs (Figs. 5E, F). To further rule out any role of TRPM7 in modulating
Rho activation levels, we tested for synergy between depletion of
Daam1 and TRPM7. A simultaneous depletion of Daam1 and TRPM7
resulted in no synergistic effects on gastrulation, again ruling out
possible Rho involvement (Figs. 5G, H). These ﬁndings indicate that
XTRPM7 may regulate gastrulation by modulating Rac activity during
development.
To further investigate the potential role of TRPM7 in modulating
the activation levels of Rho and Rac, we tested whether XTRPM7
affected the endogenous activity levels of Rho and Rac during
gastrulation. By employing pulldown assays (Habas and He, 2006),
we detected higher levels of activated Rac in embryos injected with
XTRPM7 MOs (Figs. 6A–B), but observed no effects of the TRPM7ion of gastrulation produced by injection of XTRPM7 MOs (75 ng) can be suppressed by
of Dishevelled lacking the DEP domain (ΔDEP-Dvl, 400 pg), whose deletion disrupts
bserved with separate or co-injections of XTRPM7 MOs with ΔDIX-Dvl, and ΔDEP-Dvl
nt negative Dishevelled (Xdd1) RNA (250 pg) and XTRPM7MOs (25 ng) synergistically
jected at 250 pg. (D) Quantiﬁcation of the phenotypes observed with separate or co-
h bar. (E) Co-injection of XTRPM7 MOs with dominant negative RacN17 RNA (500 pg),
ith the dominant active mutants RacV12 (10 pg) and RhoV14 (10 pg), prevents the
observed with separate or co-injections of XTRPM7 MOs with RacN17, RacV12, RhoN19
h bar. (G) Co-injection of a low concentration of XTRPM7MOs (25 ng) with control MO
antiﬁcation of the phenotypes observed with separate or co-injections of XTRPM7 MOs
.
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studies reveal a critical role for TRPM7 and its ability to modulate
Rac activity for vertebrate gastrulation.
Discussion
In this study, we have investigated the role of TRPM7 during
Xenopus development and uncovered a central role for this
bifunctional ion channel in regulating gastrulation. Using both
gain-of-function and loss-of-function analyses, we show that
TRPM7 perturbs cell polarization and alignment during convergent
extension movements (Figs. 3 and 4) and that this effect is
independent of mesodermal cell fate speciﬁcation (Fig. 2). The
phenotypes induced by overexpression or depletion of TRPM7
resemble those uncovered by other studies examining components
of non-canonical Wnt signaling (Yin et al., 2009), revealing an
important role for TRPM7 in modulating levels of activated Rac, but
not Rho, in the developing embryo. Our results suggest a model in
which the intracellular signaling cascade initiated by TRPM7
regulates levels of the Rac GTPase for balanced coordination of cell
polarization and migration during convergent extension move-
ments, underscoring a critical role for the bifunctional ion channel in
regulating gastrulation.
What is the mechanism by which TRPM7 regulates gastrulation?
The TRPM7 protein has a channel domain physically linked to a
COOH-terminal cytoplasmic kinase domain. Between the two
activities, the role of the kinase domain is less understood, as the
identiﬁed substrates for the TRPM7 kinase thus far include annexin
1, myosin IIA, IIB, and IIC (Clark et al., 2006, 2008a, 2008b; Dorovkov
and Ryazanov, 2004). Surprisingly, our results indicate that the
kinase domain of TRPM7 is not required for the protein's ability to
regulate gastrulation, as an inactivating mutation within the kinase
domain did not alter the ability of the overexpressed protein to
interfere with gastrulation. Importantly, injection of kinase-inactive
mutant RNA was able to rescue the gastrulation defects produced by
injection of the XTRPM7 MOs to a similar level obtained when using
wild type TRPM7 RNA, whereas injection of the channel-inactive
mutant did not reverse the XTRPM7 MOs phenotype (Figs. 1B–C).
These results strongly indicate that the ability of TRPM7 to regulate
gastrulation is dependent on its channel domain. As TRPM7 has been
shown to allow the passage of both Ca2+ and Mg2+ ions (Li et al.,
2006; Monteilh-Zoller et al., 2003; Voets et al., 2004), it was possible
that Ca2+ may be the cation responsible for its regulation of
gastrulation, since Ca2+ was shown to play a central role in non-
canonical Wnt signaling and gastrulation (Kohn and Moon, 2005;
Slusarski and Pelegri, 2007). However, we show that elevating
external Ca2+ failed to rescue the XTRPM7 MO-induced phenotype,
suggesting that disruption of Ca2+ signaling was likely not
responsible for producing the XTRPM7 MO-induced gastrulation
defects (Figs. 2A–B and 3A–B). Surprisingly, we found that Mg2+
supplementation ameliorated the disruption of convergent exten-
sion movements caused by depletion of XTRPM7 (Figs. 2A–B and
3A–B). Additionally, co-expression of the Mg2+ transporter
SLC41A2, a transporter that speciﬁcally allows the passage of Mg2
+ ions (Goytain and Quamme, 2005; Sahni et al., 2007), in XTRPM7
MO-injected embryos also suppressed the gastrulation defects
induced by the XTRPM7 MOs (Figs. 2A–B and 3A–B). These studies
suggest that the ability of the TRPM7 channel to passage Mg2+ is
important for the ability of mesodermal cells to execute polarized
cell movements during gastrulation. Therefore, these studies point
to an important role for Mg2+ in regulating convergent extension
movements, which to our knowledge was a previously undeﬁned
role for this divalent cation.
How does Mg2+ regulate cell behaviours including polarization
and migration that are central for gastrulation? During gastrulation,
the non-canonical Wnt pathway regulates convergent extensionmovements through activation of RhoA and Rac via the cytoplasmic
phosphoprotein Dishevelled (Wallingford and Habas, 2005). Whereas
RhoA is activated by Frizzled (Fz)/Dvl signaling through the Formin-
homology protein Daam1 (Habas et al., 2001), Rac activation is
independent of Wnt/Fz-triggered Rho activation, and mediates Wnt/
Fz/Dvl activation of JNK (Habas et al., 2003). Indeed we show a strong
synergy with a simultaneous depletion of XTRPM7 and expression of
dominant-negative Dishevelled (Xdd1), suggesting a possible inter-
play between these two factors (Figs. 5C–D). Additionally, we observe
that expression of a construct of Dishevelled, ΔDIX-Dvl that can
rescue defects in convergent extension induced by a dominant
negative form of Wnt11 (Tada and Smith, 2000; Wallingford and
Habas, 2005), suppressed the gastrulation defects induced by the
XTRPM7 morpholinos (Figs. 5A–B). ΔDIX-Dvl harbours the PDZ
domain that functions in the Wnt/Dvl/Rho pathway and also the
DEP domain that functions in the Wnt/Dvl/Rac pathway suggesting
that Rho and/or Rac may be affected downstream of TRPM7 (Habas
et al., 2003, 2001).
To tease out a potential interplay among TRPM7, Rho and Rac,
we ﬁnd that TRPM7 functions synergistically with Dvl independent
of Rho and Daam1 to regulate convergent extension movements
(Figs. 5E–F). To further uncover the possible mechanism by which
TRPM7 regulates Rho and Rac, we show that the gastrulation defects
induced by a loss of XTRPM7 are suppressed by expression of a Rac
dominant negative construct, but not by that of a Rho dominant
negative construct (Figs. 5E–F). This ability of TRPM7 to modulate
Rac, but not Rho, activation level was further veriﬁed using Rac and
Rho pulldown activation assays from Xenopus embryo lysates
(Figs. 6A–D). We ﬁnd that a loss of XTRPM7 leads to an elevation
in the levels of activated Rac levels, and this effect is rescued by co-
expression of TRPM7 RNA (Figs. 6A–B). However, it is important to
note that while we observe that TRPM7 MO injections cause an
elevation in the levels of activated Rac, expression of ΔDIX-Dvl,
which can activate both Rho and Rac in mammalian culture cells
(Habas et al., 2003), suppressed the TRPM7 MO-induced gastrula-
tion in the embryo (Figs. 5A–B). As a complex inhibitory interplay
exists between these two small GTPases (Pertz, 2010; Sander et al.,
1999), it is possible that this may explain the ability of the ΔDIX-Dvl
to rescue the TRPM7 MO-induced gastrulation defects. Additional
studies to address the precise spatiotemporal activation of the Rho
family of small GTPases during gastrulation are needed to resolve
this important question.
In our study, we go further to show that expression of the closely
related TRPM6, the only other vertebrate ion channel to contain a
kinase domain, can also rescue the XTRPM7 morpholino-induced
gastrulation defects (Figs. 1B–C). Interestingly, mice made deﬁcient in
TRPM6 were shown to result in embryonic lethality and neural tube
closure defects, highlighting the role of these unique proteins in early
development (Walder et al., 2009). It is worth noting that studies
in humans as well as in animals have shown that Mg2+ deﬁciency
adversely affects gestational outcomes, however, explanations for this
have remained obscure (Almonte et al., 1999; Durlach, 2004). Our in
vivo studies indicate that interfering with TRPM7's regulation of Mg2+
during embryogenesis adversely affects processes in early develop-
ment in which Mg2+-dependent directional cell motility plays an
essential role. Our studies may offer an explanation for the embryonic
lethality caused by deletion of TRPM7 in mice by revealing a crucial
role for TRPM7 in regulating gastrulation (Dorovkov et al., 2005; Jin
et al., 2008; Ryazanova et al., 2010).
In summary, our studies reveal a central role for TRPM7 and for
Mg2+ cations in regulating gastrulation. Additional studies to further
elucidate how Mg2+ ions regulate gastrulation are therefore war-
ranted as such studieswill shed light on previously undeﬁned roles for
the Mg2+ cation during early vertebrate development.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.11.034.
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